The large fraction of repetitive DNA in many plant genomes has complicated all aspects of DNA sequencing and assembly, and thus techniques that enrich for genes and low-copy sequences have been employed to isolate gene space. Methyl-sensitive restriction enzymes, with six base pair recognition sites, were evaluated on genomic DNA of the bread wheat 'Chinese Spring' as a different approach to enrich for genes. SacI, SalI, PstI, and AatII were used to digest wheat genomic DNA and fragments ranging from 400 bp to 2.0 kb were cloned and unidirectionally sequenced. All four enzymes provided some level of enrichment for gene space; however, AatII and PstI reduced the number of clones with repeat elements to just 16.2 and 19.1%, respectively. AatII and PstI were also effective in enrichment in corn and tobacco. Corn libraries made with AatII and PstI had 58.7 and 71.2%, respectively, of the clones with signifi cant expressed sequence tag (EST) alignments, while tobacco libraries made with the same enzymes had 51.7 and 65.3%, respectively. With the development of ultra-throughput sequencing technologies, this technique provides an opportunity to rapidly and effi ciently obtain sequencing from gene-rich regions.
D
URING A SEQUENCING project, repetitive sequences cause signifi cant diffi culties not only in the actual sequencing, but also in the assembly of the genome. Repetitive regions pose even greater problems for the middle and large genome plants. Th e high cost associated with sequencing and the lack of computer algorithms to deal with assembling repeats has led many investigators to focus on the low-copy, gene-rich regions of genomes. Th ese low-copy regions can be obtained by using various gene-enrichment techniques.
Th ree main approaches have been developed to preferentially sequence gene-rich regions from repetitive genomes. Expressed sequence tag (EST; Adams et al., 1991) sequencing uses mRNA isolated from one or more tissues which is converted into cDNA, cloned, and sequenced. Th e clones represent the actively expressed coding regions of the genome and are specifi c to the tissue(s) sampled and the environmental conditions they are in (Bonaldo et al., 1996) . While ESTs provide details of expressed coding regions of a DNA strand, they do not provide information on promoter sequences or introns (Palmer et al., 2003) .
Currently there are two predominant methods used for enriching genomic DNA for gene-containing regions including introns and promoter segments. One is methyl fi ltration (MF) which was developed using methyl-sensitive E. coli containing the mcrBC + genotype (Dila et al., 1990; Raleigh and Wilson, 1986) . It is based on the observation that gene regions are oft en hypomethylated compared to repetitive elements, at least in some organisms (Bennetzen et al., 1994) . In short, genomic DNA is randomly sheared, cloned into a plasmid containing an antibiotic resistance gene, and transformed into bacteria with the mcrBC + genotype. Th ose host cells that receive DNA that have 5-methylcytosines will cleave the plasmid and thus will not survive on selective media (Rabinowicz et al., 1999) . Th eoretically, the remaining clones will be enriched for hypomethylated, gene-containing, genomic DNA. Th e other approach relies on reassociation kinetics of DNA. High C o t (HC) fi ltration will remove repetitive DNA by enriching for low copy, single stranded DNA, which is then cloned and sequenced (Peterson et al., 2002a,b) . Each technique, however, has limitations that prevent the discovery of all of the genes in the genome (Peterson, 2005) .
With the larger genomes, any enrichment would drastically reduce the monetary input required to obtain the gene space. As an example, a study of the D genome donor of hexaploid bread wheat, Aegilops tauschii (Coss.), showed that 91% of the genome is repetitive sequence while genes represent only 2.5% of DNA content (Lamoureux et al., 2005) . Faced with similarly high proportions of repetitive DNA, corn and tobacco sequencing projects have focused on obtaining gene space before whole genome sequencing. In corn, both MF and HC have been used and provided a seven-to eight-fold increase in gene discovery rates (Barbazuk et al., 2005; Springer et al., 2004) . Meanwhile, tobacco sequencing predominantly uses MF and has identifi ed an estimated 95% of the genes (www.tobaccogenome.org; verifi ed 8 Sept. 2008).
Restriction enzymes have been used to make probe libraries in several crops and could provide a unique way of selecting DNA that is hypomethylated. In rice, McCouch et al. (1988) used the methyl-sensitive restriction enzyme PstI to make a library of genomic clones for restriction fragment length polymorphism (RFLP) mapping. Out of 210 random clones, 58% were considered single copy clones and 22% had hybridization patterns indicative of repeat elements. Gill et al. (1991) also used PstI to construct a similar library in Aegilops tauschii, in which 223 clones were isolated and mapped. Th ese clones were later sequenced and it was found that 73 contained open reading frames with alignments to known genes, 31 had strong alignments to unknown predicted genes, and three aligned with repetitive sequences (Boyko et al., 2001) . Along with RFLP studies, other genetic mapping techniques have taken advantage of methyl-sensitive enzymes. Diversity Array Technology (DArT; Jaccoud et al., 2001 ) is a microarray-based technique that assesses the amount of specifi c DNA fragments from the total genome of an organism. Th e diversity panels that are created are used to genetically fi ngerprint an organism and are based on PstI methyl-sensitivity. Th ough no published data is available, it is generally understood that PstI will produce polymorphic bands that will have a greater probability of containing low-copy DNA, when used in amplifi ed fragment length polymorphism (AFLP) analysis.
Restriction enzymes have previously been used to build large insert methyl-sensitive linker libraries (MSLL) in corn in an attempt to span the regions between retrotransposons and gene containing regions. In this work, Yuan et al. (2002) used a four base cutting, HpaII, and a six base cutting, SalI, both sensitive to CpG methylation, and found that when the libraries were endsequenced the clones contained a signifi cant enrichment for gene containing regions. All of this information lead to the idea that enzymes could be used to enrich for low copy, gene-containing DNA. Th us, the objectives of this work were to evaluate six base pair restriction enzymes that recognize a high-GC content site, but are methylation sensitive, as means to reduce repetitive DNA.
MATERIALS AND METHODS

DNA and Plant Material
DNA was isolated from the hexaploid wheat cultivar, Chinese Spring, using a technique described by Hulbert and Bennetzen (1991) with slight modifi cations. Seedlings at the three leaf stage were used as tissue sources, and 0.5 g of tissue was homogenized using liquid N 2 . Aft er homogenization, 10 mL of 2X CTAB extraction buff er (1.4 M NaCl, 100 mM Tris pH 8.0, 2% CTAB, 20 mM EDTA pH 8.0, 0.5% Na bisulfi te, 1% 2-mercaptoethanol) was added, mixed gently, and incubated for 1 h at 65°C. An equal volume of chloroform:isoamyl alcohol (24:1 v/v) was added, mixed, and the supernatant was saved. Th e chloroform:isoamyl step was repeated, and the DNA precipitated by adding an equal volume of 100% isopropanol and incubating for 2 h at room temperature. Th e DNA pellet was washed once using 70% v/v ethanol, air dried, and resuspended in 200 μL of 1X TE (Sambrook, 2001) . RNase (Qiagen, Valencia, CA) was added to the DNA to produce a fi nal concentration of 25 ng/ul and the mixture was incubated overnight at 4°C. A single extraction using phenol/chloroform/isoamyl alcohol (25:24:1 v/v/v) was used to clean up the DNA, followed by an ethanol/sodium acetate precipitation (Sambrook, 2001 ). DNA from maize (Zea mays L.) cv. B73 and tobacco (Nicotiana tabacum L.) cv. KY14 were prepared in the same manner.
Digestion and Library Construction
Adapters were made by combining 100 pmoles of either PstI, AatII, or SacI primer with 10 pmoles of 3′ overhang primer, and 100 pmoles of SalI primer with 10 pmoles of the 5′ overhang primer (Table 1) . Th e adapters were annealed by placing the 50 μL adaptor solution on an MJ PTC-200 thermocycler and heated for 3 min at 65°C, then stepped down 1.3°C each min for 30 min. One ug of genomic DNA was digested with 10 units of the respective enzyme. Included in the 50 μL reaction were 10 pmole of adaptor, 1X All-phor-one reaction buffer (GE Healthcare, Piscataway, NJ), 1 unit of T4 ligase (Invitrogen, Carlsbad, CA), and 0.5 mg of bovine serum albumin (NEB, Ipswich, MA) . Th e products were amplifi ed by using 2.5 μL of the digestion/ligation reaction along with 10 pmole of universal primer, 1X Taq reaction buff er (Sigma, St. Louis, MO), 2.5 mM MgCl, 2.5 mM dNTPs (USB, Cleveland, OH) and 0.25 units of Taq (Sigma). Reactions were placed on a MJ Research PTC-200 thermocycler with the following cycling pattern: 94°C for 3 min followed by 35 cycles of 94°C for 1 min, 60°C for 2 min, and 72°C for 2 min.
Libraries were constructed by using pGEM-T Easy kit according to protocol (Promega, Madison, WI). PCR products were purifi ed using the Qiagen PCR Cleanup Kit according to protocol. Aft er ligation, clones were transformed into INVαF′ cells (F′ endA1 recA1 hsdR17 (rk-, mk+) supE44 thi-1 gyrA96 relA1 ϕ80lacZΔM15 Δ(lacZYA-argF)U169 λ; Invitrogen). Colonies were picked using a Q-Bot (Genetix, Greensway, UK) and grown in a freezing medium (Arizona Genomic Institute, www.genome.arizona.edu; verifi ed 23 Sept. 2008). DNA was isolated using a Qiagen Biorobot 3000 and Qiagen Turbo 96 Plasmid purifi cation kits. Clones were sequenced using BigDye terminator v1.1 (Applied Biosystems, Foster City, CA) and analyzed on an ABI 3730s DNA analyzer (Applied Biosystems, Foster City, CA). Sequence was analyzed using phred as the basecaller, cross_match as the vector masker , and blastcl3 for alignments. Sequence was submitted to Genbank and accession numbers are: Z. mays ET672347-ET672786; N. tabacum ET6-72787-ET673195; and T. aestivum ET673196-ET674853.
RESULTS
Technique Development
Nine diff erent restriction enzymes were chosen to examine their ability to digest genomic DNA from the hexaploid bread wheat Chinese Spring (CS ; Table 1) . BamHI, HindIII, and EcoRI are common enzymes used in Southern analysis. However, AatII, PstI, SacI, SalI, XbaI, and XhoI were chosen because of their sensitivities to methylation (Table  2 ). Figure 1 shows the completeness of digestion by BamHI, HindIII, and EcoRI, which was expected. SacI and XbaI, though sensitive to 5′-cytosine methylation, had similar cutting to that of the previous three. XhoI seemed to be intermediate. AatII, PstI, and SalI had very little digestion and were considered rare cutters.
Aft er the target enzymes were identifi ed, methods were investigated to isolate the digested fragments. Gel purifi cation was initially attempted to isolate clonable fragments. As Fig. 1 demonstrates, DNA quantities of small fragments from the rare cutting enzymes were not suffi cient enough to consistently recover DNA for cloning. Th erefore, PCR was used to amplify the fragments. Th e approach adopted is similar to that of the preamplifi cation step in AFLP analysis. DNA digestion and ligation of adaptors are performed within the same reaction. Preamplifi cation used a universal primer and consisted of 35 cycles. Th e preamplifi cation products ranged from 400 bp to over 3 kb. Some fragments were preferentially amplifi ed as evident by strong bands (data not shown). PCR products were cloned, without size selection, into a TA cloning vector and transformed into E.coli strain INVαF′ (Invtrogen). Th irty individual colonies were selected from each library to verify presence of inserts and to determine the insert sizes. Insert size means (and ranges) for the AatII library, the PstI, SalI, and the SacI libraries were 0.8 kb, (range = 0.2 to 1.9 kb), 0.92 kb (0.2 to 2.0 kb), 0.6 kb, (0.2 to 1.0 kb) and 0.85 kb (0.2 to 1.8 kb), respectively. From these results it was determined that the libraries were of good quality for single-pass sequencing. Poor quality reads that had less than 100 bp of phred20 sequence were removed before analysis.
Sequence Analysis
Th e number of analyzed sequences for the four enzyme libraries and their classifi cations are listed in Table 3 . Vector masked sequences were batch-analyzed against the non-redundant database of GenBank using BLAST (Altschul et al., 1990 Th e SalI library was a bit of a surprise in the sense that it initially appeared to be highly enriched for genic sequences. However, 36.5% of the clones were either mitochondrial or chloroplast in origin, even though the library was made from the same genomic DNA preparation from Chinese Spring as the other libraries. Th ese results are similar to those found in maize in which small insert bacterial artifi cial chromosome (BAC) libraries made with SalI had repeated sequences from chloroplast and mitochondria DNA (Yuan et al., 2002) . Of the remaining clones, 18.8% had gene sequences, 18.0% had no alignments, only 5.9% contained repetitive DNA, and 20% had no inserts in the vectors.
Th e initial sequencing indicated that libraries made from AatII and PstI had signifi cantly less repetitive DNA and should be sequenced to a greater depth. Th us, library construction was repeated for both enzymes using the same procedures as before. Th ree more 96-well plates were sequenced from a second AatII library and six more from a second PstI library. Th e results were combined and are described in detail in Table 4 . With the two libraries, a total of 612 AatII clones contained quality sequences of which 34.1% contained signifi cant alignments to ESTs and translated proteins. Only 16.2% contained repeat elements, while 5.6% were organellar, and 10.6% contained no inserts. Since PCR was used, repeated clones were evaluated and only 3.8% of the sequences had more than one copy. Th e PstI library was sequenced more deeply. Six more 96-plates were sequenced and quality sequences were included for a total of 859. Combined, 44.5% of the clones had signifi cant alignments to ESTs in the database, 18.7% had no hits, 5.1% were organellar, 6.9% were empty vectors, and 6.2% had more than one copy. Of the clones, 19.1% had repeat elements.
Other Species
Th e AatII and PstI enzymes were evaluated on two other crops that have large genomes and have had other methyl fi ltration techniques used during their respective genome sequencing projects. Th e tobacco (Nicotianna tabacum 
DISCUSSION
Sequencing of large genomes is a very diffi cult task due to the amount of repeat elements in the genome. Flavell (1980) stated that the size of the repeated fraction of the genome is positively correlated with the size of the genome. A perfect example of this is the hexaploid wheat genome at 16 Gb (Arumuganathan and Earle, 1991) . To understand the magnitude that a sequencing project would be on wheat, an initial evaluation of one of the three genomes was made. A whole genome shotgun (WGS) approach was used on the wheat D genome progenitor Ae. tauschii. It was estimated that 91.6% of the genome was made up of repetitive elements and sequences (Li et al., 2004) . Th en the eff ectiveness both MF and HC fi ltration, two successful methods of genome reduction, were evaluated. A small insert library using the E. coli based MF (Rabinowicz et al., 1999) reduced the total repetitive DNA to just 74.8% (Li et al., 2004, Fig. 2) . Meanwhile, the HC-based method reduced the high copy DNA to 31.4% and provided considerably more repeat reduction, but still lacked the fi ltration power desired. Figure 2 shows that in comparison, libraries made with both AatII and PstI were more effi cient in reducing the amount of repeat elementcontaining sequences to 16.2 and 19.1%, respectively. It is understood that a larger scale eff ort must be made to verify the eff ectiveness of this technique. However, these results provide some promise that another method of gene enrichment is available. Th e reduction of repetitive DNA using methyl-sensitive enzymes is not a new concept. Early work in RFLP mapping used the enzyme PstI to make low copy clone libraries to use for probes in maize (Burr et al., 1988) , rice (McCouch et al., 1988) , and Ae. tauschii (Gill et al., 1991) . Sequencing of the Ae. tauschii probe library verifi ed the presence of open reading frames in the 32.7% of the clones (Boyko et al., 2002) and showed that one enzyme could reduce the level of repetitive DNA with minimal input. Th e application of methyl-sensitive enzymes for genome sequencing is a relatively new concept and has been demonstrated in maize. Yuan et al. (2002) demonstrated this by using methyl-sensitive enzymes HpaII and SalI to make spanning linker BAC libraries (MSLL) in gene rich regions in Zea mays. Th e ends of the BAC sequences showed a two-to three-fold enrichment in gene containing sequences and a reduction of repetitive DNA. Emberton et al, (2005) evaluated partial digestion of genomic DNA using the enzymes HpaII and HpyCH4IV, both of which recognize four base pair sites. In this work, known gene homologies were found in 25% of the clones compared to 4% of the clones in a random insert library (Emberton et al., 2005) . Using four base cutting enzymes can lead to smaller fragments, hence the partial digests, but they can also lead to more chances of cutting nonmethylated regions. Using enzymes that recognize six base pair sites, the chances are improved to span regions that contain open reading frames, promoters, and introns.
In a genome, it is estimated that 30% of all cytosines are methylated (Adams and Burdon, 1985) and in plant genomes it is the 5-carbon of cytosine in CG dinuclotides and CNG trinucleotides (Gruenbaum et al., 1981) . In maize, it was estimated that 47% of the genome was GC and that 5′-CG-3′ and 5′-CNG-3′ were present at 4.6 and 5.3%, respectively (Meyers et al., 2001) . In Ae. tauschii, GC content was 46 and 41.6%, respectively in WGS and MF libraries (Li et al., 2004) . Th e GC content actually tended to be lower in repetitive DNA as the range was 41.7 to 46.5% in WGS and 39.9 to 42.7% in MF. Methyl fi ltration was thought to be the cause of the signifi cant reduction of GC in MF libraries and interestingly, there was a signifi cant correlation between GC content in the WGS and the frequency of dinucleotide -CG-and trinucleotide -CNG-sequences, which are targets of methylation (Li et al., 2004) . Th e enzymes tested (Table 2) give an indication of the methylation patterns within the wheat genome. AatII, PstI, SalI, and to a lesser extent XhoI, were rare cutters in the wheat genome. AatII, PstI, XbaI, and XhoI will not tolerate any methylation, while the other enzymes will. PstI has the -CNG-trinucleotide and SalI, AatII, and XhoI have the -CG-dinucleotide in their respective recognition sites, supporting the fact that these combinations are targets of methylation (Gruenbaum et al., 1981) . Also, the reduction of repeated DNA can be attributed to the methylation of these sequences in the AatII and PstI libraries. SacI is sensitive to methylation; however, 44.2% of the clones in the library contained repetitive DNA (Table 3 ), indicating that the -GC-dinucleotide site is less likely to be methylated. Figure 1 shows that XbaI had signifi cant digestion, though sensitive to methylation, indicating that cytosines in these sites are rarely methylated. XhoI, however, needs to be further investigated and, like SalI, may be useful in getting closer to the boundary sequences of LTR regions because of the GC content of the recognition site.
From the data reported here, AatII and PstI are useful in digesting fragments that are rich in gene-containing sequences and will reduce the amount of repetitive DNA. Th ere are some issues with this technique. One signifi cant drawback is the use of a PCR step to amplify fragments. Despite this, the number of repetitive clones remained less than 5% in the libraries. Th e use of C o t curves could further eliminate this issue. Th ere is also no size selection in any of the steps. Even with this in mind, the average insert size was long enough to get signifi cant length for single-pass sequencing. For sequencing based on Sanger dideoxynucleotides, longer inserts are needed, especially for sequencing centers that are automated for dual-pass sequencing. However, ultra-throughput synthesis sequencing (e.g., Illumina and Roche/454 platforms) can use smaller fragments and would also eliminate the need for a cloning step. Also, the adaptors can be designed as such so that the libraries can be coded and sequenced in one large run.
Th e addition of adaptors posed a few problems. Th e ligase enzyme would produce lengths of repeated adaptors that would be cloned. Th ese were considered part of the empty vector percentages, but could be reduced using size selection. Th e DNA used was isolated from whole leaf preparations without nuclear isolation. Th e amount of organellar DNA, though low, can be further reduced with isolated nuclei as the DNA source.
MF and HC have been eff ective in other species, but evidence has shown that there are some diffi culties with both techniques. Fu et al. (2004) evaluated both in regards to their eff ectiveness in producing error-free sequences. Th ey were able to show that 40% of the HC clones had at least one G/C to A/T transition, and cautioned using the sequence when searching for single nucleotide polymorphisms-of note, the transitions may be a result of using saline sodium citrate buff er for reassociation rather than the HC process per se (Peterson, 2005) . Th ey also stated that MF had a higher coverage of promoters, but lower coverage of introns when compared to HC (Fu et al., 2004) . Th ough MF and HC provided a seven to eightfold increase in the gene discovery rate in maize, only 18% of the full-length cDNAs were completely represented in the genome survey sequences (GSS) and suggested that these methods are only partially nonredundant (Springer et al., 2004) . Other issues that must be considered are that MF can be limited by the presence of mild methylation in a gene region, while HC can favor A/T-rich regions and reduce the number of gene families. Any kind of enrichment based on methyl fi ltration is sensitive to tissue source and age of the tissue as methylation states change as plants mature. In any case, multiple approaches are needed to cover the gene space.
Th is report demonstrates the utility of using restriction enzymes for the enrichment of low-copy DNA from large genome plant species and may be considered an extension of MSLLs. Th e digests are complete and the enzymes are methyl-sensitive. Th e diff erences are in the preparation of the DNA to be sequenced; the fragments are smaller, will likely not have LTR boundary sequences, and not be useful in linking contiguous sequences. Six base pair restriction enzyme fi ltration can be used to compliment both MF and HC fi ltration. In crops like wheat, MF is not eff ective and other techniques are needed to complement HC to sequence the gene space. With newly emerging technology like ultra-throughput synthesis sequencing, this technique may provide a simple but efficient means to help fi nd coding regions of large genome plant species and be useful in the resequencing of genomes or in comparing diff ering genotypes.
